In order to investigate the effect of temperature and pH on the early hydration rate of alkali-activated slag (AAS), NaOH was used as alkali activator, and the nonevaporable water (NEW) content of the slag paste at different temperatures (5, 20 and 35°C) and pH (12.10, 12.55, 13.02, and 13.58) was measured. On the basis of the Arrhenius formula, the hydration rate of slag was characterized by the content of nonevaporative water, and the apparent activation energy of slag hydration at different pH was also obtained. e early hydration rate of slag was significantly affected by temperature and pH of activator solution. e apparent activation energy E a of slag decreased with the increase of pH, and there was a good linear relationship between them. When pH was less than 13.02, increasing the temperature can accelerate the hydration rate of slag. However, under the condition of high pH (pH � 13.58), the hydration rate of slag was negatively correlated with temperature, which was related to the "shell forming" phenomenon of slag hydration.
Introduction
Alkali-activated cementitious materials are considered as a kind of sustainable development building materials with low carbon dioxide emission, which can be produced by industrial by-products. As a by-product of iron-making process, granulated blast furnace slag (GBFS) has become one of the most widely used materials to study the properties of alkali activated materials because of its potential cementitious properties [1] [2] [3] . erefore, many properties of alkali-activated slag (AAS), such as activation mode of slag activity, hydration products, and mechanical properties, have been comprehensively understood [4] [5] [6] [7] . However, the hydration of AAS is a complex dynamic process. e hydration kinetics of slag are influenced by many factors; the most important factors are the pH of the activator solution and the temperature at the time of the slag reaction.
e hydration rate (reaction degree) of slag is a key point in the study of the hydration kinetics of AAS. e related research shows that the pH of the solution plays an important role in the hydration process of the slag. e slag can be activated only in a solution of pH > 11.5 [8] , and the slag hydration reaction is accelerated as the pH of the activator solution increases [9, 10] . Zhou et al. [11] used different pH values of water glass to study the kinetics of slag hydration. e results show that the higher the pH value of the water glass, the shorter the induction period of slag hydration and the faster the rate of heat evolution. Gebregziabiher et al. [12] also found that by increasing the amount of activator, the heat of hydration evolution increased. However, in the solution with high alkali concentration, a reaction shell will be formed on the surface of slag particles, which will inhibit the hydration reaction of slag in the later stage. In addition, the effect of temperature changes on the hydration reaction of AAS is also significant. Low temperature will prolong the AAS initial setting time [13] , and an increase in the hydration temperature can significantly accelerate the rate of heat evolution and raise the reaction degree of AAS [14, 15] , but the late strength will be reduced when the temperature exceeds 80°C [16] . Apparent activation energy, like the hydration rate, can be used to characterize the sensitivity of the AAS hydration rate to temperature changes. In the quantitative relationship between temperature and chemical reaction rate, the classical Arrhenius formula is produced [17] , which is suitable for most reactions [18, 19] . e concept of activation energy in the Arrhenius formula is based on chemical elementary reactions that represent the minimum energy required for a chemical reaction to star [20] . However, the hydration of AAS is a complex reaction, including the fracture of Si-O and Ca-O bonds on the surface of slag particles and the formation of hydrated calcium silicate and hydrotalcite [21, 22] , so the classical concept of activation energy is no longer applicable. erefore, some hydration characteristics of AAS are used to determine the activation energy, namely, the apparent activation energy, which is more suitable for describing the influence of temperature on the slag hydration rate. Poole et al. [20] studied the effects of supplementary cementitious materials on apparent activation energy of cements by isothermal conduction calorimeter. It was found that an increase in apparent activation energy was observed when cement was substituted with ground granulated blast furnace slag. e same result was obtained by Barnett et al. [23] . Fernández-Jiménez and Puertas [24] investigated the influence of activator solution concentration on hydration kinetics of AAS. eir results showed that activation energy of the slag does not vary practically with the activator solution concentration. However, there is no literature about the effect of the pH of activator solution on the apparent activation energy of AAS.
e usual method for determining apparent activation energy is to measure isothermal calorimetric data [24] [25] [26] or strength [23, 27] of cementitious materials.
e former method can reflect the chemical mechanism, but the testing time of the hydration heat is short, and the determination of the total hydration heat is difficult, especially at low temperature, so it is not suitable to describe the effect of temperature on the long age of the rate of hydration. It is convenient to use the strength method, but the early strength of cementitious materials develops slowly or even has no strength at low temperature, which has a great influence on the results. For cementitious materials with the same hydration products, the nonevaporative water (NEW) content represents the quantity of hydrates and degree of hydration [28, 29] . It overcomes the shortcomings of the strength method and can reflect the long-term hydration characteristics of slag, which is suitable for long-term testing [30] .
erefore, the apparent activation energy is determined by the NEW content in this study.
At present, most of the research is based on cementbased materials. But the hydration mechanism of AAS is different from that of cement, and its hydration kinetics characteristics are also different [31] . Furthermore, there is still no detailed quantitative understanding of the parameters affecting the rate of slag reaction. erefore, in this paper, the coupled effects of temperature and pH on the hydration kinetics of the AAS were investigated by measuring the nonevaporable water content of AAS paste. e apparent activation energies of different pH values were determined by the Arrhenius formula and the temperature sensitivity of the slag hydration in different pH solutions were analyzed, which provides guidance for the application of AAS. Table 1 . e alkali activator used was sodium hydroxide (NaOH), and the deionized water was used for the preparation of different alkali solutions of pH (12.10, 12.55, 13.02, and 13.58).
Materials and Experimental Methods

Experimental Methods
Sample Preparation.
e AAS paste was prepared by mixing GGBFS and prepared NaOH solutions; the ratios of water-to-slag (w/s) were 0.4, 0.5, and 0.6, respectively. e AAS paste was placed in disposable plastic cups for NEW content test and microscopic analysis. Above prepared samples were sealed with the plastic wrap to prevent the evaporation of water and then placed in the curing tank immediately with curing temperatures of 5°C, 20°C, and 35°C, respectively, for 1, 3, 7, and 14 days.
e samples in the plastic cup that has been cured to the specified ages were taken out, broken into small pieces of about 2 mm, and ground in a mortar to pass through the 0.075 mm square hole sieve. e samples were covered with the anhydrous ethanol during the grinding process. After the end of the grinding, the samples were immersed in absolute ethanol for 24 hours to terminate the hydration. e samples were then filtered and dried at 105°C for 2 hours. e dried samples were ground again in a mortar to disperse the agglomerated sample during the drying process and then placed in a desiccator for later testing.
Testing.
e content of NEW was measured by the method of high temperature furnace burning [11] . e dry sample was weighed about 1 g (accurate to 0.0001 g) with an analytical balance.
e sample is put into a crucible that has been burnt to constant quantity. en, the crucible is placed in a high temperature furnace. e temperature in the furnace is gradually increased to about 950 ± 25°C and burned for 15 min to 20 min. After the end of the heating, the crucible was taken out and placed in a desiccator, cooled to room temperature, and weighed. Repeat the burning until constant weight.
e nonevaporable water content was calculated according to the following formula:
where N is the nonevaporable water content (%), M 1 and M 2 are the masses of the samples before and after the 2 Advances in Materials Science and Engineering calcination, respectively (g), and L is the loss on ignition of the initial slag (%). e complete hydration sample of AAS was prepared by placing the slag in the 1 mol/L NaOH solution at curing temperature of 35°C for three months. During the period, the hardened slag paste was crushed and ground several times and the NaOH solution was added continuously so that the slag was always immersed in the solution. By measuring the NEW content of the complete hydrated sample, the ultimate nonevaporated water content (N u ) was obtained, which was basically stable at 19.97%.
e microstructure of the hydration product on the surface of slag particles was observed with a Hitachi S4800 scanning electron microscope (SEM).
Results and Discussion
Nonevaporable Water (NEW).
e variation of the NEW content of AAS paste with pH at different hydration ages is shown in Figure 1 for three w/s values at different curing temperatures. As expected, the NEW content at the same temperature depended on the pH of solution, which increased with the increase of pH of solution. In the solution of pH ≤ 13.02, the content of NEW increased with the increase of hydration temperature during the testing ages. However, when the pH of the solution was higher than 13.02, the NEW content revealed a different change with the temperature and age. In the solution of pH 13.58, the NEW content of AAS pastes with different w/s values cured at 20°C was always greater than that at 35°C throughout the hydration age. However, this phenomenon is not applicable to AAS paste with solution pH less than 13.58. In addition, the NEW content at 5°C exceeded that at 35°C after 3 days. Moreover, it reached the maximum after 7 days. e higher the content of the NEW, the more the hydrated products. at is to say, the AAS produced more hydration products at 5°C than at 35°C. is phenomenon is related to the "shelling" characteristics of alkali-activated slag hydration and will be discussed later. In addition, by comparing the different w/s, it is found that as the w/s increased, the NEW content of the AAS paste also increased [30] .
e Hydration Degree of Slag.
It is important to determine the hydration degree of slag for studying the reaction kinetics of AAS, evaluating the reactivity of slag and the application of slag. In the study of the NEW content of the ordinary Portland cement, it is found that the NEW content is about 22% [32] , and the NEW content has a strong linear relationship with the degree of hydration [29] .
erefore, in this study, the hydration degrees of slag paste under different hydration conditions were calculated based on the content of NEW. e calculation formula is as follows:
where N(t) is the NEW content (%) of slag paste at the hydration age t (day), N u is ultimate NEW content (%), and α(t) is the degree of hydration at the hydration age t. According to equation (2), the hydration degree of AAS pastes with a w/s of 0.4 was calculated, and the hydration degree changes with the curing age at different temperatures and pH are shown in Figure 2 . It can be seen that temperature and pH have a great influence on the hydration process of AAS. At 5°C, the hydration degree of the slag in the pH ≤ 13.02 solution changed slowly and steadily with the age, and the highest degree of hydration was only 5.6%. is indicates that the diffusion rate of OH − is slowed down at low temperature, and the collision ability with the slag particles is weakened so that the activation time of slag activity is prolonged and the hydration degree increases slowly. While in the solution of pH 13.58, the hydration degree of slag reached 22.7% at 1 day and increased with curing age. Although the slag is still at the low temperature, the pH value of the solution increases, that is, the concentration of OH − in the solution increases, which greatly increases the collision probability between the OH − and the slag particles. So, the activation time of the slag activity is greatly shortened and the hydration degree increases rapidly.
At 20°C, in the solution with pH of 12.10 and 12.55, the hydration degree of slag firstly increased slowly and then showed a sudden increase after 7 days. While in the solution of pH 13.58, the activation time of slag activity was very short, and the degree of hydration reached 29.2% at 1 day. But when the solution pH was 13.02, it can be clearly seen that the hydration degree of slag changes with time is different from that in other pH solutions. e degree of hydration increases with the increase of curing age, and the rate of increase is faster than that of in other pH solutions after 1 day. is indicates that the hydration of slag enters the acceleration period.
When curing at 35°C, the hydration degree of the slag varying with the age in different pH solutions is almost the same. e slag activity was quickly activated at the early stage of hydration, and then the slag was continuously hydrated and the degree of hydration constantly increased. Similarly, the hydration degree of slag was the highest in the solution of pH 13.58, and the hydration degree of slag reached 26.4% at 1 day.
In addition, by comparing and analyzing the hydration degree of slag in the same pH solution at different temperatures, it is found that in the solution with pH ≤ 13.02, the Advances in Materials Science and Engineeringelevated temperature accelerates the hydration of the slag. is is because with the increase of temperature, the diffusion rate of OH ions becomes faster and the probability of interaction between OH − and slag particles is increased, and the time of activation of slag activity is also shortened, resulting in different regularities of the degree of hydration with time. However, in the solution with pH 13.58, the degree of slag hydration with temperature and age is consistent with the law of NEW content. After 3 days of hydration, the degree of hydration at 5°C exceeded that at 35°C, which may be related to the structural differences of slag hydration products at different temperatures.
e Hydration Rate and Apparent Activation Energy.
It is defined here that the ratio between the hydration degree of slag and the hydration age t is called the hydration rate of slag.
where α(t) is the hydration degree of slag at age t; t is the hydration age; and β is the hydration rate of slag. e meaning of the hydration rate, β, reflects the growth rate of NEW content, which can be used to compare the variation of slag hydration rate with temperature and pH at different curing ages. is relationship can be described by the Arrhenius formula:
where R is the gas constant (8.314 J/mol/K); T is the absolute temperature (K); k is the reaction rate constant; A is the proportionality constant; and E a is the activation energy of the reaction (J/mol). According to equation (4), the relationship between ln k and 1/T is linear. erefore, the activation energy E a can be obtained from the slope (−(E a /R)) of the obtained straight line by measuring the reaction rate constant k at different temperatures.
In the Arrhenius formula, when the reactant concentration is constant, the reaction rate is proportional to the reaction rate constant. Here, the hydration rate β of the slag is regarded as the reaction rate constant k in the Arrhenius formula. According to equations (4) and (5), the relationship between the hydration rate β and the absolute temperature T is defined by
where A 0 is the proportionality constant (same units as β); R and T are the same as the above definition; and E a is the apparent activation energy of slag hydration. In this experiment, the hydration rate β at different temperatures is calculated by equation (3) . According to equation (7), the relationship between ln β and 1/T of different ages and w/s ratios is shown in Figures 3-6 . It can be seen from the figure that ln β and 1/T show a good linear relation under different ages and w/s ratios except in the 
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solution with pH 13.58. It indicates that the change of temperature T has a great in uence on the early hydration rate β of AAS, and the relation between them accord with the exponential law. In the solution of pH 13.58, ln β and 1/T present a better linear relation after 7 days. On the contrary, compared with the other pH, the hydration rate decreases as the temperature increases. According to the linear relationship between ln β and 1/T, E a is obtained by the slope of the line, as shown in Table 2 . e apparent activation energy E a varying with pH under di erent w/s ratios and ages is shown in Figure 7 . As can be seen from Figure 7 , the apparent activation energy E a decreases as the pH of the activator solution increases, which shows a good linear relationship between them except for curing for 1 day.
is may be because in the lower solution of pH (pH ≤ 13.02), the slag activity is not fully activated within 1 day, and the degree of hydration is low, resulting in a larger dispersion. Mehdizadeh and Naja Kani [19] found that the apparent activation energy E a of alkali-activated phosphorus slag ranged from 39.2 to 44.5 kJ/mol and increased with the increase of SiO 2 /NaO 2 molar ratios in the activator solution. Zhou et al. [11] obtained the apparent activation energy E a of 53.63 kJ/mol by using sodium silicate with pH 13.75, while Fernández-Jiménez and Puertas [24] obtained the apparent activation energy E a of 58.33 kJ/mol by using sodium silicate with pH 13.20. From this, we can see that the apparent activation energies E a obtained by scholars are di erent. But by comparison, it can be found that the apparent activation energy decreases with the increase of alkalinity, which is consistent with the conclusions of this paper. In addition, the w/s ratio also has a little e ect on the apparent activation energy E a . In general, as the w/s ratio increases, the apparent activation energy E a tends to decrease. e reason is that with the increase of w/s, the collision probability between OH − and slag particles in solution increases. Correspondingly, the rate of slag hydration is accelerated, which led to the decrease of apparent activation energy. 
In the solution of pH 13.58, the calculated apparent activation energy E a is negative value after 1 day ( Table 2) .
is is unreasonable in the Arrhenius formula. As mentioned earlier, the apparent activation energy here is not the actual activation energy, but it can be used as a comparison between slag hydration kinetics at di erent pH solutions.
e negative value indicates that the hydration rate in the solution of pH 13.58 at 5°C and 20°C exceeded that at 35°C. e temperature is negatively correlated with the hydration rate of slag, and increasing the hydration temperature inhibits the hydration reaction of the slag. is phenomenon is related to the "shell forming" phenomenon of slag. In the high temperature and high pH hydration environment, the slag particles will be rapidly hydrated and a hard shell is formed on the surface of its particles, which will slow down the hydration rate of the slag. is is veri ed in the subsequent microscopic analysis.
ln A 0 is obtained by the intercept of the ln β and 1/T lines, as shown in Table 3 . e change of ln A 0 with pH under di erent w/s ratios and ages is shown in Figure 8 . It can be seen that the variation of ln A 0 with pH is consistent with the change of apparent activation energy with pH of solution. With the increase of pH, ln A 0 decreases and there is a strong linear correlation between them. Moreover, ln A 0 also shows a decreasing trend with the increase of w/s. In the Arrhenius formula, the proportionality constant A is a constant related to the collision of reactant molecules, which is a ected by the concentration of reactant. Here, the proportionality constant A 0 is a constant related to the activation speed of the slag activity, which is related to the pH of the activator solution. At the same w/s, the higher the pH is, the higher the concentration of OH − in the solution is. erefore, the quicker the activation of slag activity is, the smaller the frequency factor A 0 is. Like the apparent activation energy, the proportionality constant A 0 appears negative value in the solution of pH 13.58. is phenomenon is consistent with the cause of the apparent activation energy, which is related to the characteristics of slag hydration. 
Discussion
When the Arrhenius formula is used to study the in uence of temperature and pH on the hydration rate of slag, it is found that the Arrhenius formula is very suitable in the solution of pH less than 13.02. However, in the solution of pH 13.58, the ln β shows a very poor linear correlation with 1/T when the slag was cured at 1 day or 3 days. Moreover, they showed a negative linear correlation after 7 days. at is, as the temperature increased, the rate of hydration slowed down. In addition, the apparent activation energy E a and proportionality constant A 0 appear negative values in the formula, which is actually related to the "shell forming" characteristics of slag hydration. e hydration reaction of slag is di erent from that of chemical elementary reaction. It is a complex process. In order to understand the hydration mechanism of cementitious materials more clearly, some microscopic analytical methods, such as mercury intrusion method and scanning electron microscope, are needed [30, 33, 34] . In this paper, the surface hydration characteristics of slag particles cured at 5°C and 35°C for 1 day and 14 days with the solution pH 13.58 have been observed by scanning electron microscopy (SEM), as shown in Figure 9 .
As can be seen from Figure 9 , when the slag was cured for 1 day, a large number of intricately connected network products appeared on the surface of the slag particles at 5°C, while the surface of the slag particles at 35°C was covered by the bulk product except for the network product. When the hydration age reached 14 days, the surface of the slag particles at 5°C was still similar to that at 1 day, but the pores of the product were ner and denser. While the surface of the slag particles at 35°C was completely surrounded by massive hydration products, which formed a hard reaction shell.
rough the above analysis, it is known that the structure of the net hydrated product formed on the surface of the slag particles at 5°C makes the OH − in the solution permeate through the mesh and di use into the slag particles, which is bene cial to the further hydration of the slag. On the 8 Advances in Materials Science and Engineering contrary, at 35°C, the slag particles are rapidly hydrated and the early hydration degree is high. But a reacting shell is formed on the surface of the particles, which causes the OH − to be unable to pass through the shell, so the rate of hydration also slows down. erefore, this "shell forming" characteristic of slag hydration results in negative values of apparent activation energy E a and ln A 0 in the solution of pH 13.58.
Taking the derivative of equation (6) with respect to T, equation (8) is obtained:
Integrate equation (8) from T 1 to T 2 : e effect of temperature and apparent activation energy on the rate of hydration can be seen from equation (8) . e greater the apparent activation energy, the greater the influence of temperature on the hydration rate. at is to say, the greater the activation energy is, the more sensitive the hydration rate is to the change of temperature. In this study, the apparent activation energy decreases with the increase of pH. erefore, in a low pH environment, increasing temperature is beneficial to hydration of slag. While in high pH solution, the apparent activation energy of slag is relatively small, and lowering temperature is more advantageous to slag hydration at this time.
When the activator solution pH is constant, the apparent activation energy E a is known.
e quantitative effect of temperature on slag hydration rate can be calculated by equation (9) . is is of guiding significance for the production practice of AAS. According to this principle, the optimum hydration temperature of the slag and the initial pH of the solution can be selected to obtain the best hydration rate of AAS.
Conclusions
In this experiment, the hydration kinetics of AAS has been studied by the NEW content of the slag paste. According to the Arrhenius formula, the coupled effects of temperature and pH on the hydration rate and apparent activation energy are also obtained. 
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(1) In the solution with pH ≤ 13.02, the NEW content of the slag paste increases with increasing of temperature and pH value. But in the high pH (pH � 13.58) solution, the NEW content at 20°C is always greater than that at 35°C throughout the curing ages. After 7 days, the NEW content at 5°C exceeds that at 20°C and 35°C, reaching the maximum. (2) e early hydration degree of slag is significantly affected by temperature and pH. Increasing the temperature and pH of the activator solution can greatly shorten the activation time of the slag activity. However, in the high temperature and high pH environment (35°C, pH � 13.58), the hydration degree of slag growth is slow in the later stages. (3) e apparent activation energy E a of slag decreases with the increase of pH, and there is a good linear relationship between them. When pH is less than 13.02, increasing the temperature can accelerate the hydration rate of slag. However, under the condition of high pH, the hydration rate of slag is negatively correlated with temperature, which is related to the "shell forming" phenomenon of slag hydration. (4) rough scanning electron microscopy (SEM) images, it is found that in the solution of pH 13.58, the surface of the slag particles at 5°C forms a net hydrated product structure. While at 35°C, a reacting shell is formed on the surface of the particles. is "shell forming" phenomenon inhibits the hydration reaction at the later stage of the slag, making the hydration rate of slag at 35°C lower than that at 5°C, so the apparent activation energy E a and ln A 0 appear as negative values. (5) e greater the activation energy is, the more sensitive the hydration rate is to the change of temperature. According to this principle, the optimum hydration temperature of the slag and the initial pH of the solution can be selected to obtain the best reaction rate of the slag hydration. is is of guiding significance for the production practice of AAS.
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